INTRODUCTION
The role of carotenoid pigments in photoprotection of cells is well known (Kunisawa & Stanier, 1958; Mathews & Sistrom, 1959; Mathews, 1963; Dieringer et al., 1977) . However, relatively little is known about the mechanisms of that protection. An important step in determining the mechanisms is understanding relationships between carotenoid pigments and other cell constituents. Carotenoid pigments from crustacean eggs and carapaces (Zagalsky, 1976) to bacteria (Saperstein & Starr, 1955; Thirkell & Hunter, 1969; Schwenker et al., 1974; Broglie et al., 1980) have been shown to be associated with protein. In photosynthetic bacteria carotenoid-protein complexes occur in the membranes of chromatophores (Schwenker & Gingras, 1973; Broglie et al., 1980) . Though considerably less work has been done with nonphotosynthetic bacteria, carotenoids appear to be associated mainly with the cell membrane and in some cases with the cell wall (Eberhart, 1971 ; Work & Griffiths, 1968) . With one exception, where Anwar et a f . (1977) found carotenoids associated with lipid, carotenoids are associated with proteins in non-photosynthetic bacteria (Thirkell & Hunter, 1969 ; Saperstein & Starr, 1955; Meckel & Kester, 1980) . Two major difficulties in studying carotenoproteins are the instability of the pigment moiety during extraction and subsequent purification, and the instability of the carotenoid-protein complex during SDS-PAGE. For example, Schwenker et al. (1974) observed that after extraction of carotenoprotein from Rhodospirillum rubrum with SDS containing the antioxidant 2-ME about 50% of the carotenoid pigment was lost. Also Schwenker & Gingras (1973) reported that the pigment in the carotenoprotein from R . rubrum dissociated from the protein during SDS-PAGE. Broglie et al. (1980) found that use of LDS-PAGE at 4 "C prevented pigment dissociation from pigment protein complexes isolated from Rhodopseudumonas sphaeroides.
The purpose of this paper is to report on the location of carotenoid pigments in cells of Corynebacterium poinsettiae, and to describe methods for stabilizing the pigment in the detergent-extracted carotenoprotein from this organism and for isolating the intact carotenoprotein. C. poinsettiae was chosen for this study because the major carotenoid pigments have been identified (Norgard et al., 1970; Andrewes & Liaaen-Jensen, 1984; Britton et al., 1985) and it was the first non-photosynthetic organism in which photoprotection against photodynamic killing by carotenoid pigments was shown (Kunisawa & Stanier, 1958) .
METHODS
Organism. Corynebacterium poinsettiae ATCC 9682, obtained from the American Type Culture Collection was maintained on Tryptic Soy Agar (TSA) (Difco) slants and was sub-cultured every 3 weeks. Pigment mutants of a streptomycin-resistant strain were obtained by UV irradiation (PM mutants) and by treatment with N-methyl-"-nitro-N-nitrosoguanidine (CM mutants).
Media and culture conditions. Tryptic Soy Broth (TSB) (Difco), half-strength, was used to grow seed cultures for inoculation of test flasks of the 'low thiamin' (1 ng ml-l) medium of Starr & Saperstein (1953) modified by using the trace element composition of Leadbetter & Foster (1958) . The 'low thiamin' medium (1 1 in a 4 1 flask) was inoculated with 10 ml from a 15 h seed culture which has been adjusted to an OD600 (1 cm light path) of 0.3. The flasks were incubated for 18 h under fluorescent light (0.3 mJ s-l cm-* from four 20 W lights 80 cm above the flasks) on a rotary shaker at 30 "C. Cells were harvested by centrifugation at 10000 g for 10 rnin and washed three times with distilled water.
Preparation and extraction of cell membranes. Washed cells from 1 1 of culture were suspended in a solution made up from the following: 1 M-Tris/HCl buffer, pH 7.5 (1.25 ml); 1 M-sucrose (16 ml); 40 mM-NaCl (3.7 ml); water (6.5 ml); and lysozyme (2.5 mg). The suspension was incubated at 30 "C on a rotary shaker until more than 95 % protoplasts were obtained as determined by microscopic examination (usually 1.5-3.0 h). The protoplasts were then lysed osmotically by adding an equal volume of distilled water and allowing the suspension to stand for 15-30 min. The viscous suspension was treated with one or two crystals of deoxyribonuclease I before the membranes and cell wall fragments were pelleted by centrifuging at 34000 g for 30 min. The pellet was resuspended in a wash buffer consisting of 1 mM-TrisfHC1 (pH 7.5), 50 m-NaC1,0.2% sodium azide and 0.1 mwphenylmethylsulphonyl fluoride. Whole cells, cell wall fragments and unlysed potoplasts were removed by centrifugation at 775 g for 10min. The supernatant fraction, containing the membranes, was washed three times in the wash buffer by centrifugation at 34000 g for 30 min. The cell membranes in the pellet from the final wash were extracted three times with 5 ml of Triton X-100 in 1 mM-Tris/HCl buffer (PH 7.5). Reduced ascorbic acid was added (final concentration 0.2%) to the Triton X-100 if the extracts were to be used for electrophoresis. Prior to electrophoresis the membrane extract was centrifuged at 143 000 g for 1 h in a refrigerated ultracentrifuge to remove very large protein aggregates which clogged the gel.
PAGE. Two PAGE systems were used: (1) the Tris/glycine SDS system described by Maizel (1971) for resolution of the free protein and (2) a Tris/HCl Triton X-100 system for separating the intact carotenoprotein from other membrane proteins. The Triton system was made up as follows. (i) A resolving gel (7.5% w/v, acrylamide and 0.2 %, w/v, bis-acrylamide) composed of acrylamide-bis-acrylamide (2.5 ml), 3 M-Tris/HCl buffer, (PH 8.8) (3.75 ml), 1 % Triton X-100 (1-0 ml), TEMED (0.005 ml), water (2.7 ml) and 10% (w/v) ammonium persulphate (0.05 ml) for 10 ml (four tubes). (ii) A stacking gel (3% w/v, acrylamide and 0.08% bis-acrylamide) composed of acrylamide-bis-acrylamide (1.0 ml), 1 M-Tris/HCl buffer, pH 6.8 (1.25 ml), 1 % Triton X-100 (1.0 ml), TEMED (0.005 ml), water (6.7 ml) and 10% (w/v) ammonium persulphate (0.05 ml). Ammonium persulphate was added to both the resolving and the stacking gels after deaeration of the gels. (iii) An upper electrode buffer composed of 3.027 g Tris/HCl, 14-41 g glycine, 0.472 g EDTA, 1.0 ml Triton X-100 and lo00 ml water. (iv) A lower electrode buffer which was of the same composition as the upper buffer minus EDTA and Triton X-100.
Sample preparation. An appropriate volume of sample (50 pl membrane extract, 1 drop of glycerol, 20 pl 1 MTris/HCl buffer (PH 6.8), 10 p1 0.05% (w/v) bromophenol blue tracking dye) to give 25 pg total protein, as determined by the Lowry method using bovine serum albumin as the standard, was applied to the stacking gel after heating in a boiling water-bath for 1-2 min. Electrophoresis was done at 22-24 "C and a current of 3 mA per tube was used in all experiments.
Purijkatwn of the protein moiety of the carotenoprotein. After electrophoresis for 1.5-2 h in the Triton gel system, the pigment band was cut out and placed in a glass tube containing 20 p1 1 %, w/v, SDS, 10 p1 2-ME, 10 p1 of tracking dye and one drop of glycerol. The tube was immersed in a boiling water-bath for 2 min. The gel slice was then placed on the SDS-polyacrylamide gel (7.5%, w/v, acrylamide and 0.19%, w/v bis-acrylamide) and electrophoresed in the Tris/glycine-SDS system. Protein in the gels was detected by staining with Coomassie brilliant blue G-250 after fixing with 10% (w/v) trichloroacetic acid in 33% (v/v) methanol as described by Blakesley & Boezi (1977) . Uncut Triton-polyacrylamide gels were stained with Coomassie brilliant blue R-250 according to the procedure of Maizel (1971). Samples, in the sample buffer indicated above, were also applied directly (after heating in a boiling water-bath for 1-2 min) onto SDS-polyacrylamide gels, electrophoresed and stained.
Measurement of pigment destruction. Pigment loss in detergent extracts of cell membranes was determined by measuring the decrease in A4,* (1 cm light path), as a function of time, in a Spectronic 210 UV Bausch and Lomb double beam spectrophotometer.
Determination of the M, of the free protein.
The M, of the free protein from the carotenoprotein complex was detrmined in the SDS-polyacrylamide system, using a 10% (w/v) acrylamide, 0.26% (w/v) bis-acrylamide gel, by the method of Weber & Osborn (1969) . The standards (Sigma) were lysozyme, egg white (14300); lactoglobulin, bovine milk (18400); trypsin, bovine pancreas (24000); pepsin, porcine stomach mucosa (34000); egg ovalbumin (45000); and bovine plasma albumin (66000).
RESULTS AND DISCUSSION

Location of pigments
When protoplasts were prepared by treatment with lysozyme in an isotonic solution, no pigment was released, indicating that none of the pigment is located in the cell wall. After osmotic lysis of the protoplasts and separation of the resulting membrane and cytoplasmic fractions all the pigment was found in the sedimentable membrane fraction, indicating this to be the sole location of the pigments in this organism.
Stabilization of pigments in Triton X-100 extracts
Previous work (Meckel & Kester, 1980) had established that the pigments of C. poinsettiae are non-covalently bound to protein and that this carotenoprotein can be quantitatively extracted with 1-2% (vlv) Triton X-100. However, the pigments in these extracts are very unstable at 22-24 "C, with a visible loss occurring within 1-2 h of extraction, thus making electrophoretic separation by SDS-PAGE impractical. The loss was not due to any visible aggregation of the carotenoprotein. At 4 "C the pigments are stabilized but SDS precipitates at this temperature.
Ascorbic acid effectively stabilized the pigment in Triton X-100 extracts over a wide range of concentrations at room temperature (22-24 "C) and at 4 "C. Protection occurred from 2 pg ml-l to the optimal level of 1-2 mg ml-l. Pigment stability was greater at 4 "C with and without sodium ascorbate and 20-25 % of the pigment was lost on initial extraction if ascorbate was not added with the detergent at the time of extraction.
The optimum pH for stabilizing the pigment was 7.0-7.5 ( Table 1) . Without ascorbate, pigment loss was rapid below pH 7.5. With ascorbate, stability was enhanced between pH 5.0 and pH 8.0. Maintaining an atmosphere of nitrogen during extraction and subsequent storage at 4 "C for 72 h afforded some protection in the absence of ascorbate (77% retention as against 65 % retention without nitrogen) but had no significant effect in the presence of ascorbate (96% as against 98 %).
Ascorbate was superior to other reducing agents commonly used in protein purification, especially at room temperature ( Table 2) . Low temperature enhanced the effectiveness of all agents except cysteine. Cysteine accelerated the loss of pigmentation, complete loss occurring within 24 h at room temperature. 2-ME gave little protection when used at 4 "C. The order of effectiveness was : sodium ascorbate > butylated hydroxytoluene > dithiothreitol > 2-ME > PuriJication of the carotenoprotein complex Ammonium sulphate precipitation and gel exclusion chromatography were ineffective means for purifying the carotenoprotein complex. When Triton X-100 extracts of membranes were electrophoresed in an SDS system, the proteins were effectively resolved : however, the pigment separated from the protein and ran ahead of the tracking dye (Fig. 1 a, b) . Broglie et al. (1980) used LDS-PAGE to separate carotenoproteins from photosynthetic bacteria. The advantage of LDS-PAGE is that it can be run at 4°C (SDS precipitates at this temperature) where the complexes might be more stable. LDS-PAGE gave the same results as SDS-PAGE with the carotenoprotein from C. poinsettiae. The use of SDS, therefore, provided a means for isolating the protein moiety of the complex but could not be used for separating the intact pigmentprotein complex. If Triton was used instead of SDS in gels, the pigment-protein complex barely moved into the gels (Fig. 1 c) . Most of the non-pigmented protein in the extract remained on top of the stacking gel and did not migrate into the resolving gel. When stained, a single protein band was obtained at the position of the pigment.
When the pigment band was cut from a Triton gel after electrophoresis of the extract from wild-type C. poinsettiae and re-electrophoresed in a 10% (w/v) SDS-polyacrylamide gel, a single protein band was obtained (Fig. 1 d) . The pigment was also stained by Coomassie brilliant blue G250 but did not stain with Coomassie brilliant blue R250. The protein had an apparent M, of 15000. The use of a 10% (w/v) gel makes it unlikely that more than one protein is present. SDS-PAGE of the wild-type, a colourless mutant and various pigment mutants showed the protein moiety of the pigment complex to be present in all cases and, judging from band width and staining intensity, to be a major component of the membrane protein (Fig. 2) . Thus, mutations leading to changes in pigment composition or level have no effect on the protein to which it is bound.
B . A . W A R I S O A N D OTHERS
C . poinsettiae produces about 15 carotenoid pigments of which the six major ones have been isolated and identified (Norgard et al., 1970; Kester & Thompson, 1984; Britton et al., 1985; Andrewes & Liaaen-Jensen, 1984) . The results reported here show, unequivocally, that these pigments are located in the cell membrane where they are non-covalently bound to a specific protein. The pigments, which were found to be unstable in detergent extracts, could be stabilized by including 0.2 % reduced sodium ascorbate in the extraction and purification procedures. The complex is dissociated during SDS-PAGE but can be isolated intact by Triton X-100-PAGE. The protein is small (apparent M , of 15000) and is present in colourless as well as pigmented cells where it is a major membrane protein.
